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The energy requirements of animals are profoundly affected by the micro climates they occupy. By selecting favorable microclimates, endotherms can significantly reduce their requirements for metabolic heat production and thereby reduce the amount of food they need to fuel metabolism (G laser and Lustick 1975; Vogt and Lynch 1982) . In cold environments, many small endotherms select sheltered nesting or roosting sites, where environmental conditions are milder and less variable than in the general environment (Hayward 1965; Cameron et al. 1988) . In these sheltered sites, energy is saved because convective heat loss is reduced. Radiative heat loss is also lower because the animal exchanges thermal radiation with the sheltered area around it instead of with the cold night sky.
Another way animals reduce their heat loss is by huddling with other animals. Huddling groups of five or more small rodents and marsupials occur fairly commonly during some times of the year (Baudinette 1972; Morton 1978; Springer, Gregory, and Barrett 1981; Karasov 1983) . Huddling has several advantages. First, the surface area that a huddling group exposes to its surroundings is less than the total surface area of all its members. Since heat transfer is a function of surface area, the energy expenditure of a huddling group is likely to be less than the combined energy expenditure of the same individuals by themselves. In addition, the metabolic heat pro duction of a group of huddling animals may warm the local environment, which could result in energy savings beyond that of reducing surface area alone (Walsberg 1985 (Walsberg ,1990 . Second, in very cold environments, huddling animals may be able to maintain normeothermic body temperatures when they would not be able to do so by themselves. Consequently, huddling enhances survival (Sealander 1952) .
Energetic analyses of huddling typically focus on benefits associated with reducing surface area (Vickery and Millar 1984; Canals, Rosenmann, and Bozinovic 1989) . Relatively little attention has been given to the importance of heating the local microclimate (Walsberg 1985) . Microclimatic heating will tend to reduce asymmetries in energy benefits among individuals in a huddling group. A comparison of central and peripheral members of a cluster illustrates why this is so. When no microclimatic heating occurs, a centrally located individual may be close to completely surrounded by other animals and may experience thermoneutral conditions. Some of the surface area of a peripheral individual is exposed to other warm individuals, but the rest of it is exposed to the local air and surroundings. If the local air and sur roundings are warmed by the collective metabolism of the group, the ex posed surface area of a peripheral individual will lose heat at a slower rate, while a centrally located individual is likely to be affected very little. Thus, the difference in the rates of heat loss between the central and peripheral individual will be reduced. In other words, the energetic benefits of huddling will be shared more equally among group members.
The equitability of energy benefits from huddling is likely to influence the behavior of huddling animals and the selection pressures on them. If cluster position is not an important factor in how much benefit an individual derives from clustering, there will be little pressure to compete for the best positions within a cluster. If cluster position makes a big difference in how much an Individual benefits from huddling, there may be competition for the best positions.
In this article, we report the energy benefits of huddling in the short tailed field vole (Microtus agrestis Linnaeus) and quantify the contribution made by local microclimatic heating and the reduction in exposed surface area to the energy benefits.
Material and Methods
Study Animals
Voles were captured in Grampian Region, Scotland, United Kingdom (5rN), during late spring and early summer 1990. After all voles had been captured, they were randomly assigned to single-sex groups of five individ uals. There were 10 groups in total, three male and seven female. They were maintained at room temperature (ca. 22°C) and on a fixed photoperiod (14L:I0D). Individuals ranged in mass from 14.2 to 49.2 g. Mass of the groups ranged from 98.0 to 176.4 g with a mean of 132.9 g.
Measurement Protocols
Measurements on each group of voles were made while they were (1) pre vented from huddling by partitions in a metabolism chamber and (2) not prevented from huddling. Pairs of measurements were made at roughly the same time of day, usually on consecutive days. In addition, for eight of the groups a second pair of measurements was made with the temperatures roughly 5° -10°C lower than during the first pair of measurements. For the second of each pair of runs (with the animals huddling), the controlled temperature cabinet was set so that the average temperature inside the me tabolism chamber would be similar to the temperature experienced when the animals were separated (during the first of each pair of runs). Voles were not fasted before measurements.
Two Perspex metabolism chambers were used. They were similar in vol ume (ca. 2,300 rnl.), except that one chamber had partitions to prevent the voles from huddling. In the partitioned chamber, each vole was held in a space 8 cm X 7 cm X 7 cm. A wire-mesh grid kept voles separated from any feces or urine they voided.
Oxygen consumption was measured using an open-circuit respirometry system. An upstream flowmeter (Alexander Wright, 0.25 L water displace ment) was modified so that every time 500 mL had passed through the flowmeter a voltage signal was generated. The voltage signal and the time it was generated were recorded with a British Broadcasting Corporation (BBC) microcomputer (Acorn). The time interval between signals was used to calculate the flow rate. All flow rates were corrected to standard temper ature (O°C) and pressure (760 Torr) dry (STPD) . Air was dried immediately upstream and downstream of the flowmeter. Mean flow rate was 2,683 mLI min (range 2,480 -2,830 mLImin) .
The metabolism chamber was placed inside a controlled-temperature ca binet (Gallenkamp) that regulated the internal ambient temperature (±0.1°C). Inside the controlled-temperature cabinet and upstream of the metabolism chamber there was a length of copper tubing about 6 mm in diameter and 1 m long to equilibrate incoming air with the ambient tem perature in the cabinet.
The excurrent air from the metabolism chamber was connected to a large plastic syringe barrel. A small diameter tube inserted into the syringe barrel was used to subsample the excurrent air. Carbon dioxide and water were removed with small volumes of Carbosorb (BDH, Poole, England; active agent NaOH) and silica gel, respectively. The O 2 concentration in the ex current air was measured with an Applied Electrochemistry S3Adual channel O 2 analyzer. A parallel line of reference air was sent to the second channel of the O 2 analyzer to minimize drift over the course of the measurements. The difference between the O 2 content of the reference and animal air was continuously monitored with a BBC microcomputer (actual sampling rate> 20/s) and the mean recorded every 30 s. Oxygen consumption was calculated with the appropriate equation from Hill (1972) . Oxygen con sumption was calculated for the full 60 min coinciding with behavior and temperature measurements and is reported as mL 02/min.
Type-K thermocouples were used to monitor temperature within the me tabolism chambers. In the partitioned chamber, a thermocouple was placed in the center of the top wall of each compartment. Voles chewed the ends of unprotected thermocouples, so to prevent damage to them a protective cylinder of Perspex (1.2 em long, inner diameter 0.6 cm, outer diameter 1.3 em) was placed around them. The cylinder protruded about 0.5 cm past the end of the thermocouple. It had slits cuts in it every 90° to increase air flow around the thermocouple. In the chamber without partitions, four ther mocouples were placed at intervals down the central axis of the metabolism chamber.
Experimental runs lasted 150 min. After baseline O 2 concentration data were collected with the chamber empty, the voles were placed in the cham ber. In the partitioned chamber, voles were randomly assigned to com partments. The mass of each vole was measured to ±0.01 g just before and immediately after each experimental run. After placing voles in the metab olism chamber, we waited 90 min to allow thermal equilibration of the system before temperature and behavior recording was started. At 10-min intervals (n = 6), the temperature of each thermocouple and the temperature outside the metabolism chamber were read (the latter from the controlled temperature cabinet sensor).
After the 90 min allowed for thermal equilibration, we recorded behavior for 5 min of every 10 min (total = 30 min). When using the unpartitioned chamber, we recorded whether all five individuals were in physical contact (i.e., huddling vs. not huddling) and whether they were inactive (only visible movements associated with ventilation) or active. These were recorded at 5-s intervals when a timing beep sounded. Every minute (total n = 30), we also recorded which of the thermocouples was closest to the center of the huddling group. This distance was never more than 5 cm and almost always less than 2 cm. If some voles were not in the huddle at this time, we recorded which thermocouple they were closest to. Separated voles were about the same distance from the thermocouples as the huddling groups, but we were unable to precisely quantify the distance to the nearest thermocouple for either separated or huddling voles. If the distance between voles and ther mocouples differed between the separated and huddling groups, this may affect our results.
When in the partitioned chamber, each vole was watched for 1 min of each 5-min observation interval (i.e., each vole was observed for a total of 6 min of the hour). The most upstream vole was observed the first minute of each 5 min. Each subsequent minute, observations were made on the vole one compartment further downstream. Every 5 s of observation the vole was categorized as either quiet or active.
The average temperatures in the metabolism chambers during each run were calculated as follows. For the partitioned chamber (separated voles), the temperature was simply the mean of all 30 thermocouple readings (five thermocouples read six times each). For the chamber without partitions (huddling voles), the temperature was calculated as the mean temperature of all thermocouples the voles were nearest. For example, if four voles were nearest thermocouple 1 and one vole was nearest thermocouple 3, then the temperature of thermocouple 1 was counted four times and the temperature of thermocouple 3 was counted once. Subsequently, we use local temper ature to refer to the average temperature in the metabolism chamber and outside temperature to refer to the average temperature outside the metab olism chamber in the controlled-temperature cabinet.
Local heating data from the respirometry trials in Hayes, Speakman, and Racey (1992) are also reported. For these local heating data, the outside temperature was not recorded directly, so the set point of the temperature control box was substituted. On the basis of our experience with this system, the set point closely agreed with the displayed cabinet temperature (i.e., <O,5°C difference) as long as the door to the control cabinet had not been opened within the last few minutes. The local temperature in the metabolism chamber during those individual runs was not recorded at reg ular intervals, so local heating was calculated with whatever local temper ature data were recorded in the first hour of the 6-h runs or the local temperature recorded closest to the start of the run if none was recorded in the first hour. Since local temperatures were stable, this procedure should produce good estimates of local heating even though the data were not collected as intensively as for the groups of five voles.
Data Analysis
Data were analyzed with a Minitab version 7.2 run on an IBM AT clone and SAS (Statistical Analysis System) Release 6.03 running under Unix on a Sun workstation. The effects of mass, temperature, and behavior on oxygen con sumption were examined with multiple regression. Since the 18 runs for each condition (18 huddling runs and 18 separated runs) were made with only 10 groups, the true number of degrees of freedom will be overestimated and the nominal significance levels reported will be too liberal. Conservative analyses (i.e., one in which Type I error is at least as low as reported) were obtained by dividing the error sum of squares by 8 fewer df (i.e., treating the data as if there were only 10 independent points) and recalculating the Fvalues for the partial correlation. Note that these analyses will be overly conservative because only 1 df is allocated to each group. Some comparisons of huddling and separated groups were made using only the data for the eight groups that were measured twice each. A two level (huddling vs. separated and cold vs. warm) repeated-measures ANOVA was used to test for within group effects. Since there was no treatment (i.e., between group) variable (i.e., we were interested only in within group effects-huddling vs. separated and cold vs. warm) an intercept-only model was fitted (Freund, Littell, and Spector 1986) . Analysis of covariance was also used to test for differences between separated and huddling groups at different outside temperatures.
Results
Similar local temperatures were obtained for each pair of (huddling vs. separated) measurements by manipulating the temperature in the controlled temperature cabinet. Mean local temperatures were 11.1°e and 10.T"e for the separated and huddling measurements, respectively. The corresponding temperatures outside the metabolism chamber were 6.4°e and -2.8°e, re spectively. Local and outside temperatures were significantly correlated (ta bles 1, 2).
Local Heating
The difference between the temperature near the voles (local temperature) and that outside the metabolism chamber is one measure of local heating by the voles (figs. 1, 2, 3). A linear regression describing the relationship between local heating and temperature outside the metabolism chamber indicated that, at ooe, five huddling voles heated the air in the metabolism chamber by about 11.8°e ( fig. 1 ). The magnitude of local heating increased with decreasing temperature and at -lOoe it averaged over 17°C for a group of five huddling voles. Local heating by separated voles or voles in a chamber by themselves was much less than for huddling voles (figs. 2, 3). A two level (separated vs. together and first pair of runs [warm] vs. second pair of runs [coldl) repeated-measures ANOVA with no class effect (i.e., a within subject-only analysis) for the eight groups that were measured twice showed a highly significant effect of huddling (F = 276, df = 1,7, P < 0.0001) and a significant difference between the warm and cold runs (F = 10.04, df = 1,7, P = 0.0157). When not huddling, local heating was circa 6° -re at an outside temperature of ooe (figs. 2, 3).
For huddling voles, a stepwise multiple regression for local heating on mass, outside temperature, time quiet, and time separated resulted in only outside temperature and time separated entering the model. The regression equation was local heating (in °e) = 14.05 -0.5748 X outside temperature (in °e) -0.0808 X time separated (in %). With 8 fewer error df, the partial correlation with outside temperature was still significant (F = 28.46, df = 1, 7, P = 0.0011) and time separated was borderline significant (F = 4.95, df = 1,7, P = 0.0614). Outside Temperature (OC) fig. 5, table 3 ). Atest for heterogeneity of slopes on all the O 2 consumption data indicated that the slopes for sep arated and huddled groups were not significantly different (P == 0.095). An ANCOVA indicated significant differences between O 2 consumption of hud dled and separated groups (F == 23.84, df == 1, 33, P < 0.001). This test is too liberal (too likely to reject the null hypothesis) because the groups were measured repeatedly. However, even with the error degrees of freedom reduced to only 8 instead of 33, the F-test was still significant (P == 0.0429). When the data were analyzed for huddling voles but outside temperature was used instead of local temperature, there was no partial correlation of time inactive and hourly O 2 consumption. After time inactive was dropped from the model, time separated, mass, and outside temperature were all partially correlated with hourly O 2 consumption. The regression equation was O 2 consumption (in mL/min) = 3.997 + 0.0547 X mass (in g) -0.3186 X outside temperature (in DC) -0.0791 X time separated (in %). Even using 8 fewer error df, the partial correlation of time separated was still significant (P = 0.0201). For the 18 runs with voles separated by partitions, the amount of time spent inactive was significantly partially correlated with hourly O 2 con sumption, mass, and either local temperature or outside temperature. For the overly conservative analyses (i.e., using 8 fewer error df), the significance levels for the partial correlation with time inactive were P = 0.0847 for the model including local temperature and P = 0.0936 for the model including outside temperature.
Discussion
Oxygen Consumption ofHuddling and Separated Groups
Energetic savings associated with huddling have now been reported for more than 20 species of small mammals (Pearson 1960; Wiegert 1961; Geb Note. The estimates are based on the multiple regressions given in the text. All data used to generate the estimates at DoC and SoC were within the range of values used for the regressions. This is not the case for the estimates at IO°C, -SoC, and -IO°C; hence, these estimates are given only as a rough indication, because they include extrapolations beyond the data used in the regressions. See the text for an explanation of how additional local heating and local heating contribution were calculated. czynska and Gebczynski 1971; Baudinette 1972; Bryant and Hails 1975 Glaser and Lustick 1975; Stanier 1975; Martin, Fiorentini, and Connors 1980 plus references in Canals et a1. 1989) . Our results support the widespreac conclusion that huddling saves energy ( fig. 5, table 3 ). In addition, we dem onstrate that local microclimatic heating can contribute significantly to the energetic benefits of huddling. Outside temperature not local temperature was used to evaluate the total energetic benefits of huddling (Le., the benefits due to local heating and surface-area reduction). Outside temperature is an attribute of the external environmental conditions while local temperature depends on the external environment and how the environment is modified by the metabolic heat production of the voles. To compare energy use of huddling and separated groups experiencing similar thermal environments, it is better to use outside temperature (rather than local temperature) as the basis for the comparison.
Differences in the way O 2 consumption is affected by local and outside temperature further demonstrate the influence of voles on their local en vironment and why outside temperature should be used when evaluating total energy savings from huddling. The partial regression coefficient for O 2 consumption of huddling groups on local temperature was -0.3744 while the partial regression coefficient on outside temperature was -0.3186. For separated groups the coefficients were -0.4756 for local temperature and -0.4215 for outside temperature. Thus, changes in local temperature pro duced bigger changes in O 2 consumption than changes in outside temper ature. Any change in outside temperature results in a smaller change in local temperature because changes in outside temperature are damped by the metabolic responses of the voles (i.e., the effect of local heating of voles changes with temperature).
Separated groups consumed more O 2 at the same outside temperature than did huddling groups ( fig. 5 ). This disparity results from the energetic savings of huddling. The total energetic savings of 23% that we report is similar to the savings reported by Pearson (1960 ), Gebczynski (1969 ), Layne (1969 ), and Contreras (1984 but lower than the roughly 45% benefit re ported by Fedyk (1971) . Group size, outside temperature, level of activity, and size and nature of metabolism chamber may all contribute to variation in the energy savings resulting from huddling.
Oxygen consumption during the respirometry runs was affected by be havior of the voles. For huddling voles, a stepwise regression including local temperature resulted in a final model with mass, local temperature, and time inactive, but not time separated as significant predictors of O 2 consumption. The partial regression coefficient for time inactive was neg ative, so as more time was spent inactive total O 2 consumption of the hud dling group declined. Previous studies of huddling energetics have not quantified the influence of activity, but Fedyk (1971) , Bryant and Hails (1975) , and Andrews, Phillips, and Makihara (1987) all suggested that activity might explain some of the variation in energy use of huddling groups.
A regression using outside temperature instead of local temperature in corporated mass, outside temperature, and time the group spent separated but not time inactive as significant predictors. Oxygen consumption of the huddling group increased as the amount of time the group spent separated increased. Thus, huddling groups that minimize the time they are separated will benefit most from huddling.
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Differences in behavior may affect how the relative benefit of huddling (i.e., [unhuddled energy use -huddled energy use]/unhuddled energy use) changes with temperature (Fedyk 1971; Bryant and Hails 1975; Andrews et al. 1987) . For groups of five Apodemusflavicollis, Fedyk (1971) found an increase in the relative benefit of huddling between 30 0 e and 20 0 e , but between 20 0 e and 5°e the relative benefit of huddling was fairly constant. Martin et al. (1980) found a greater relative benefit at lODe than at 15°e or 0 e for Mus musculus, and Contreras (1984) found an increase in relative benefit of huddling from 30 0 e to 12.5°e but no further increase in relative benefit at 5°C. Our estimates of relative benefit are based on multiple regressions, and because partial regression coefficients are adjusted for other independent variables in the regression equation, the effects of behavior and activity are effectively removed from our analyses. We found that the relative benefit of huddling was fairly constant (23 % -24%) across the range of temperatures we studied (table 3) .
Contribution ofLocal Heating to the Energetic Benefits ofHuddling
Some of the energy benefits of huddling are attributable to local heating of the environment immediately surrounding the huddling animals, and some are attributable to the reduction in surface area exposed to the local micro climate. The contribution of local heating to the energy savings can be determined by looking at how much more huddling animals heat their local environment than do separated animals and estimating the effect that ad ditional heating had on O 2 consumption. This energy benefit can then be compared with the total observed energy benefit of huddling.
Local heating by huddling groups was greater than for separated groups, but how much greater depended on the outside temperature ( figs. 1, 2) . Over the range of temperatures we studied, differences between local heat ing of huddling and separated groups were largest at lower outside tem peratures. At oDe outside temperature, the simple linear regressions indicate that local heating by huddling groups exceeds that of separated groups by 6.0°C (figs. 1, 2). A similar comparison for the huddling groups and the individual data (figs. 1,3) indicates 4.8°C greater local heating by huddling groups.
Translating this local heating into O 2 consumption and energy savings can be done using the multiple regression for O 2 consumption of huddling groups on mass, local temperature, and time spent inactive. This equation is oxygen consumption (mL/min) = 5.192 + 0.110 X total group mass (in g) -0.3744 X local temperature (in °C) -0.1549 X time inactive (%) . Multiplying the partial regression coefficient of -0.3744 by 6.0 and 4.8 yields expected savings from local heating of 2.25 and 1.80 mL/min, respectively. The total energy saved by huddling can also be calculated from the regressions (see Results). For this calculation of the total energy expenditure, we use outside temperature, not local temperature, because we are interested in the total energy benefit at a given outside temperature. For separated groups, the multiple regression equation is O 2 consumption (mL/min) = 17.76 + 0.0381 X group mass (in g) -0.4215 X outside temperature (in °C) -0.0951 X time quiet (%) . Solving this with mass equal to 132.9 g (the overall group mean), outside temperature equal to O°C, and time quiet equal to 54.8% (the mean for separated groups) yields a predicted O 2 con sumption of 17.6 mL/min. For huddled groups the regression equation is O 2 consumption (mL/min) = 3.997 + 0.0547 X group mass (in g) -0.3186 X outside temperature (in °C) + 0.0791 X time separated (%) . Solving this using the same group mass and outside temperature as for separated groups and setting time separated equal to 28.7% (the mean for huddling groups) yields a predicted O 2 consumption of 13.5 mL/min. Thus, at an outside temperature of O°C, the energetic benefit of huddling is estimated as 4.09 mL/min or 23.2%.
The energy savings attributable to greater local heating by huddling groups was estimated at 1.80-2.25 mL/min. Given a total energy savings of 4.09 mL/ min, the contribution of local heating to energy savings by huddling is 44% -55% of the total energy saved. Thus, reducing exposed surface area is only one of the influences on the energetic savings associated with huddling. Local heating of the microclimate is a highly significant factor in the energetic benefits derived from huddling. Our results suggest that it may be as im portant or even more important than the savings associated with reducing exposed surface area.
The contribution of local heating to energy savings was also calculated for several other temperatures (table 3), but the calculations for temperatures other than o-c and 5°e are based on extrapolations of regressions beyond the range of data actually collected and must be interpreted with caution.
These calculations suggest that the relative importance of local heating is greater at lower temperatures.
Walsberg (985) in his review on microclimatic influences on avian ener getics pointed out that local heating of the microclimate was a potentially important influence on rates of heat loss. He later documented nest tem peratures of groups of 15 or 16 small birds that exceeded air temperatures by 8.6°C to 30.2°C (Walsberg 1990) . Johnson (1926 ), Sealander (1952 ), and Glaser and Lustick (1975 all reported local heating in nests of from about rc to 24°C, but Vickery and Millar (1984) did not find appreciable local heating of nest boxes by single or huddling Peromyscus leucopus. How much small mammals can heat their local environment will depend on numerous factors, including their rate of heat production, and the precise nature of their physical surroundings. Occupying a burrow, cavity, or nest that restricts the flow ofair through it and which is largely filled by the huddling animals is likely to enhance local heating. Voles occupied less than 10% of the volume of the metabolism chambers we used. Our mea surement protocol with continuous air flow through the metabolism chamber and no nesting material may have limited local heating to less than is possible in natural situations.
Indiuidual Strategies in a Huddle
A consequence of significant local heating by huddling groups is that the distribution of benefits among individuals within the groups is likely to be less skewed than might be if only reducing exposed surface area was im portant. If only reducing exposed surface area mattered, then the individuals occupying central cluster positions might benefit much more than those on the periphery. Significant local heating ensures that individuals on the pe riphery benefit not only because some of their surface area is exposed to the interior of the huddle but also because the local air is warmer than it would be if they were not in a huddling group. The radiant environment may be more favorable too if not just local air but also local surfaces are heated.
Even with local heating, the best position in a cluster may be in the center with little surface area exposed to local air. However, the situation may be more complex than that. In large huddling groups, the interior of the huddle may be too hot and the optimal cluster position may not be in the center, because animals there would overheat (see McNab 1966) .
Behavior in clusters is also going to influence the distribution of benefits among individuals. We and others (Sealander 1952) have observed that clustering animals tend to form piles. Watching our individually ear tagged animals, we could not discern the position of individuals within the cluste: but it was apparent that the clusters are not static entities. Voles are contir ually squirming around in the cluster and there appeared to be considerabl. changing of positions within the clusters. One explanation for this is tha individuals are struggling to obtain the optimal cluster positions. Voles migl. also exchange positions because the optimal strategy is a dynamic on, wherehy voles shift from the center to the periphery periodically. Anothe possibility is that voles share the best positions, because it promotes huddling of all individuals and hence is mutually advantageous.
In the course of our study, on five occasions an interesting and to ou: knowledge previously unreported behavior was observed. During one 0: the trials with female voles at -10°C, when one of the voles left the cluster it was grabbed by another vole and dragged back into the cluster. This was never observed during any of the other trials. The significance of this behavio: is yet to be established, but it is intriguing that, by acting to try and maintair. the cluster, voles may benefit their own self-interest since maintaining the cluster results in maintaining the energetic benefits of huddling.
Summary
In summary, the energy benefits of huddling are substantial. While reducing exposed surface area is an important cause of the energy savings during huddling it is not the only cause. Local heating also makes a major contri bution to the energy saved by huddling animals. Thus, individuals that do not occupy the best positions in a cluster of animals may still derive sub stantial energy savings from huddling.
